Abstract A large diamond crystal up to 500 µm in diameter with a smooth (100) facet at its top has been synthesized on Mo substrate through microwave plasma chemical vapor deposition (MPCVD). Its morphology and quality were characterized by scanning electron microscopy (SEM), and the growth mechanism was roughly illustrated from both macroscopic and microscopic viewpoints. It was found that morphological instabilities are a major factor resulting in synthesis of large diamond crystals, moreover, high microwave power density (MPD), high CH4 concentrations, high pressure, high substrate surface temperature and the addition of a small amount of O2 were also necessary for the synthesis of large diamond crystals.
Introduction
A series of excellent physical and chemical properties of CVD diamond have motivated a wide range of investigations all over the world in the past three decades [1, 2] . In particular, its wide bandgap, high thermal conductivity and chemical stability make it a promising candidate for use in next-generation high power devices [3] . In order to realize its industrial applications, it is important to establish a processing technology to enable high quality crystal with low concentration of impurities and defects to be grown at a reasonable growth rate. Typical polycrystalline CVD diamond, having a substantial amount of grain boundaries, cannot completely satisfy these needs, therefore single crystal diamond (SCD) and textured diamond are required first for these applications [4, 5] . Compared with the growth of diamond on itself, the growth of diamond on heterogeneous substrates (Si, W, Mo and so on) exhibits some obvious advantages in size and cost of substrate [6] , so it has been widely investigated by many researchers [2,6∼11] . So far, the route for optimization of SCD and textured diamond emphasizes the increase of grain size and growth rate and the control of crystal texture and quality [8∼12] . J. B. DON-NET et al. [8] have synthesized large SCDs with sizes between 80 µm and 90 µm using a combustion-flame method assisted by negative substrate-bias. Diamond particles over 100 µm in diameter have been synthesized on different substrates (AlN and Mo) by hotfilament CVD (HFCVD), together with secondary nucleations and graphite phase also being confirmed on it [9] . A well-faceted, large crystal diamond up to 1000 µm in diameter was also grown at 10 µm/h growth rate through MPCVD in our laboratory, but no obvious crystal orientation was observed on it [11] . C. J. TANG et al. [2] synthesized diamond films consisting of large sphere-like grains with a diameter ranging from 100 µm to 200 µm, which are composed by smooth (100) facets, but growth steps also appeared on the surface of the (100) facets [12] . Usually, (100) faceted surfaces are very desirable since diamond growth takes place almost exclusively on (100) facets, where the probability for defect incorporation and twin formation is much lower compared with the growth on (111) facets [13∼15] . In this study, a large diamond crystal up to 500 µm in diameter with a smooth (100) facet at its top was synthesized through MPCVD, and its morphology and quality were characterized by SEM. Additionally, the growth mechanism of large diamond crystals was elaborated from both macroscopic and microscopic aspects.
Experiments
Diamond crystals were deposited onto high-purity Mo substrates of 50 mm and 1 mm in diameter and thickness, respectively. A home-made MPCVD reactor (2.45 GHz, 5 kW, water-cooled stainless chamber) was used to deposit diamond by feeding H 2 /CH 4 /O 2 gas mixtures. Details of the MPCVD apparatus were given in Ref. [16] . Substrates were manually pre-scratched with SiC before deposition to remove various surface damage and defects. Ultrasonic cleaning of substrates was made after SiC pre-treatment using acetone, methanol, and deionized water for 5 min, respectively, to eliminate organic contaminants existing on the substrate surface. A 2-color infrared radiation thermometer was employed to measure the substrate temperature through the quartz viewing ports. The whole deposition process consisted of two steps: nucleation and growth. In the two steps, the flow rate of H 2 was constant and maintained at 400 sccm (standard cubic centimeter per minute) and other growth conditions are listed in Table 1 . Three groups of experiments were performed (defined as experiment 1, 2 and 3, the corresponding samples were respectively referred to as sample 1, 2 and 3), whose growth conditions were all the same except the deposition time in the growth step.
In these experiments, the nucleation time was 2 h, the growth time was respectively 100 h, 50 h and 70 h. The surface morphology and the quality of the deposited diamond crystals were characterized by SEM.
Results and discussion
In experiment 1, a large sphere-like diamond crystal up to 500 µm in diameter, which is about 2.5∼11 times larger than the sizes (45∼200 µm) of other large diamond crystals reported in the literature [2,7∼10] , was deposited for 100 h, as shown in Fig. 1(a) , in which the growth rate reaches 5 µm/h. Compared with the large diamond crystal, a number of small spherelike diamond grains (or diamond films with typically large cauliflower-like morphology) without any apparent crystal orientation are also shown in Fig. 1(a) , which are grown under the area of the large diamond crystal after 100 h of MPCVD. In order to observe the details of the large diamond crystal, a high magnification SEM image is shown in Fig. 1(b) . It can be seen that the large sphere-like diamond crystal is almost entirely covered by a few small (100) facets and a great number of secondary nucleations and micro-twins located among these small (100) facets, other than its top which is covered by a large and smooth (100) facet nearly parallel to the substrate surface, and the size of the (100) facet is up to 250 µm, which is larger than the size of the entire diamond crystals reported in the literatures [2,7∼10] . Besides, neither such features as steps and ledges nor those crystal defects like secondary nucleations and twins (micro-twins) can be found on the (100) facet, though the steps and ledges are common phenomena in the growth of the (100) faceted diamond crystals [2, 10, 17] . These results prove, to some extent, the high quality and single crystal nature of the large diamond crystal, though the Raman characterization of the diamond crystal is not shown here. The results obtained above reveal that the method used in our work is effective for synthesizing a large diamond crystal with a smooth (100) facet at its top. In order to verify the repeatability of these results and show the developments of these samples during the deposition process, we conducted experiments 2 and 3. The SEM image of sample 2 which was deposited for 50 h is shown in Fig. 2(a) , in which the three large ball-like diamond particles are connected to each other. Only the largest diamond particle shows a smooth (100) facet at its top and the other two do not exhibit any obvious crystal orientation, indicating that a smooth (100) facet is not always obtained at the top of the large diamond particle and only under suitable conditions can it occur. Fig. 2(a) also demonstrates that the large sphere-like particles without any crystal facets are first grown, followed by the emergence of the smooth (100) facet at its top. Fig. 2(b) and (c) respectively show the SEM images of sample 3, which was deposited for 70 h, at low and high magnification. Fig. 2(b) is similar to Fig. 1(a) , so there is no need to describe it again. The magnification in Fig. 2(c) is even higher than that in Fig. 1(b) , but the (100) facet in Fig. 2(c) is still very smooth and does not exhibit any features and crystal defects described above. It is worth mentioning that in Fig. 2(c) four crystal edges, which extend respectively from the four vertexes of the (100) facet to below the ramp, can be clearly observed as shown by the four red arrows, and a slender "groove" located at the right side of the (100) facet as shown by the blue arrow is also observed in this image. To some degree, these features suggest the formation mechanism of the (100) facet. Now, some rough illustrations about the synthesis of large diamond crystals will be given from both macroscopic and microscopic viewpoints. In our experiments, two steps, nucleation and growth, were used to synthesize the large diamond crystal. In the stage of nucleation, only some discrete diamond nucleations occurred which has been shown by our previous study [11] , so this paper does not research it again. The sizes of these diamond nucleations are different due to various factors which generate morphological instabilities. The morphological instabilities are more likely to happen in our growth conditions (high microwave power density (MPD), high CH 4 concentrations, high pressure, high substrate surface temperature and the addition of a small amount of O 2 ). During the stage of growth, competitive growth among these diamond particles starts and the morphological instabilities become severe. Some diamond particles grow very rapidly and some grow less rapidly, which leads to the emergence of some large diamond particles. As growth proceeds, these large diamond particles become larger and larger and, in contrast, the diamond particles around them are rather small due to competitive shadowing and nutrient starvation [18] . The difference in size between the large and small diamond particles becomes bigger and bigger as the growth time increases. When the large diamond particles become large enough, they are named as diamond crystals and may contact with the plasma ball adequately, and thus more intense ion bombardment plays an important role on their tops, which would be responsible for the transformation of large ball-like diamond particles to the diamond crystals with a smooth (100) facet [19] . But finally, the emergence of the smooth (100) facet results from the competitive growth among these crystal planes with different crystal orientations, which can be effectively deduced from the four crystal edges and the slender "groove" in Fig. 2(c) .
From a microscopical viewpoint, two models will be used to elaborate the growth mechanism of the large diamond crystal with a smooth (100) facet at its top. Paul W. MAY et al. [20, 21] have shown a formula for the diamond growth rate G and average crystallite size <d> that uses as parameters the concentrations of H and CH x (0 ≤ x ≤ 3) near the growing diamond surface, and the formula stems from the model based on competition between H atoms, CH 3 radicals and other C 1 radical species reacting with dangling bonds on the diamond surface [22∼24] . Molecular dynamics simulations of hydrocarbon CH x (0 ≤ x ≤ 3) radical irradiations onto (100)-(2×1) : H diamond surfaces also suggested that hydrocarbon radicals with less hydrogen atoms as well as CH 3 may play a role as the growth species at high MPD and high electron temperature [25] . In order to make the average crystal size <d> of the diamond crystals reach teens of µm or even the order of magnitude of mm, the following growth conditions are imperative [20, 21] : high proportion of CH 4 in the gas mixture (2%∼10%), high pressures (13.3∼26.7 kPa) and extremely high MPD (>30 W/cm 3 ), which lead to a very large ratio of atomic H to hydrocarbon radical concentrations
13 ) and high gas temperatures (∼2726.85
• C-3126.85
• C), which would ultimately result in the synthesis of large SCD. Further illustrations can be found in the literature [20, 21] . A point which should be noted is that the substrate Paul W. MAY et al. used was (100) oriented diamond substrate which would be reconstructed into the well-known (100)-(2×1) surface in the subsequent MPCVD process of diamond growth [26] . For the purpose of using Paul W. MAY's model more convincingly, here we adopt another model. LOMBARDI et al. [27] have simulated microwave discharges of H 2 admixed with CH 4 for diamond deposition by using a 6 kW MPCVD bell jar reactor with a 50 mm optimal diameter for the process. For example, a specific growth condition they simulated for diamond deposition is as follows: a high MPD of 30 W/cm 3 (2 kW, 12 kPa), a mixture of 5% CH 4 in H 2 and the gas temperatures exceeding 2726.85
• C. From the above descriptions, it can be seen that their equipment and growth conditions share many common characteristics with ours, so their model is also appropriate for our experimental results, while MPD in our work may be higher than theirs due to the higher microwave power (4.2 kW) and relatively lower growth pressure (15.4∼16.0 kPa) we used. Under high MPD (30 W/cm 3 ), LOMBARDI et al. [27] showed that the order of magnitude of [H] [21] . LOMBARDI et al. also showed that other CH x (x=0∼2) species stayed within one order of magnitude lower than CH 3 in mole fraction [27] . These results are comparable to ours.
Now we explain the detailed growth mechanism of our large diamond crystal with a smooth (100) facet at its top based on the two models described above. In our work, the diamond growth firstly proceeds on the foreign Mo substrate, which is not the same as the (100) oriented diamond substrate Paul W. MAY et al. used. However from Fig. 2(a) , we know that the large ball-like diamond particle without apparent crystal orientation was synthesized first, then with the diamond growth proceeding, a smooth (100) facet at its top surface occurred, which met the requirement of Paul W. MAY et al.'s model. In most growth models, extraction of surface H atoms by gas phase atomic H is the reactions which drive the chemistry of growth [20] . These reactions create two main types of surface radical sites on the reconstructed (100)-(2×1) diamond surface: monoradical sites (a single dangling bond on a surface carbon) and biradical sites (defined as two surface radical sites on adjacent carbons). Diamond growth proceeds by the addition of CH 3 and other CH x (x=0∼2) species into dimer sites (both mono and biradical sites). By comparing experimental and calculated results, Paul W. MAY et al. [21] found that the deposition conditions for which growth is dominated by the monoradical pathway promote growth of large crystals, whereas the conditions for which the biradical pathway is important provide the opportunity for renucleation, leading to a decrease in crystal size. They also revealed that high [H] • C∼900
• C) in our experiment is higher than that (∼700
• C) in Paul W. MAY's model. The other is that a small amount of O 2 (0.4% in H 2 ) was added to the gas mixtures in our experiment and O 2 was not considered in Paul W. MAY's model [18, 19] . Maybe just the high substrate surface temperature and the addition of O 2 in our experiment promote the emergence of the smooth (100) facet, which is consistent with the literature [17, 28] .
Conclusion
In this work, a large diamond crystal up to 500 µm in diameter with a smooth (100) facet at its top has been synthesized through MPCVD, and the growth rate reached 5 µm/h. The morphology and quality of the large diamond crystal were investigated by SEM, demonstrating that the large diamond crystal showed high quality and single crystal nature. Besides, the growth mechanism of the large diamond crystal with a smooth (100) facet at its top was roughly illustrated from both macroscopic and microscopic viewpoints, and it was found that morphological instabilities are a major factor resulting in synthesis of large diamond crystals. The high microwave power density (MPD), high CH 4 concentrations, high pressure, high substrate surface temperature and the addition of a small amount of O 2 were also found necessary for the synthesis of large diamond crystals.
